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Human embryonic stem cells (hESCs) play an important role in the ﬁelds of regenerative medicine, basic
scientiﬁc research, tissue engineering and toxicology. Their unique morphology however makes them
very sensitive to cryopreservation procedures. We recently introduced a surface dependent, enzyme-
and serum-free method for the effective cryopreservation of bulk quantities of hESC colonies using direct
immersion into liquid nitrogen (Beier et al., 2011 [5]). However, direct contact with liquid nitrogen risks
contamination and cell infection and severely limits clinical application.
This work introduces a modiﬁed method and a new combined cultivation and cryopreservation device
to facilitate the surface dependent vitriﬁcation without contact with (possibly unsterile) liquid nitrogen.
The technique allows the culture, cryopreservation, storage and post-thawing cultivation in the same
device without detaching cell samples from the cultivation surface. Successful vitriﬁcation of bulk quan-
tities of hESCs without direct liquid nitrogen contact is an important step towards automated cryopres-
ervation processes for clinical applications of stem cells and other colony forming cell types.
 2012 Elsevier Inc. Open access under CC BY-NC-ND license.Introduction
Cryopreservation of biologically relevant materials has been a
focus of research since the discovery of glycerol as cryoprotectant
in 1949 [40]. Since then, the science of cryopreservation has con-
stantly grown and now is the basis of many ﬁelds of research
and therapeutic applications [37,38]. Today, many biological sam-
ples, like spermatozoa, oocytes, hepatocytes or even parts of tissue
can be successfully cryopreserved for long periods of time
[1,14,22,30].
However, for optimal post-thawing application of cell samples,
the cryopreservation techniques have to meet several important
requirements. Thawed cells have to show reliable survival rates
and adequate functionality, while at the same time sterility of
the samples has to be assured. In addition, cryopreservation proto-
cols should be easily applicable, reproducible, and standardized to
make them universally usable. Optimal cryopreservation protocols
should be capable of handling bulk quantities and be easily auto-
mated. It is possible to combine many of those requirements with
slow rate freezing in suspension for a variety of cell types. Butniﬁcant competing ﬁnancial,
ﬂuenced the performance or
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-NC-ND license.many therapeutically relevant cells are highly sensitive to freezing
and thawing procedures and compromises have to be made.
Human embryonic stem cells, as well as morphologically simi-
lar induced pluripotent stem cells (iPS cells), which can function as
a model system for genetic disorders, play an important role in tis-
sue engineering, pharmacology and basic scientiﬁc research, but
show great challenges for successful cryopreservation and storage
[9,12,13,18,28,39,45]. Colony forming cells, like hESCs, therefore
require the development of new techniques to meet adequate
cryopreservation standards for application in clinical settings
[11,20,21,34].
We recently introduced a surface dependent, enzyme-free
method for effective cryopreservation using direct immersion in li-
quid nitrogen [5]. The basis for this technique was the combination
of surface based cryopreservation with the principle of vitriﬁca-
tion. This led to high survival rates and low differentiation rates
after freezing and re-warming.
Surface-based cryopreservation has the advantages of leaving
cells in their physiological, in vitro state, maintaining cell-to-cell
contacts, e.g. in colonies and with surrounding feeder cells, and
minimizing chemical and mechanical stress by avoiding enzymatic
dissociation or detachment of the colonies [19,31]. In addition, col-
onies do not have to reattach after thawing and the possible num-
ber of colonies that can be cryopreserved simultaneously is very
high [4,16,23]. However, adherent cryopreservation renders cells
more sensitive to cryo-damages through ice crystallization, which
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Surface-based cryopreservation of hESCs at cooling rates around
1 C/min results in low survival rates and a high post thawing
rate of apoptosis and spontaneous differentiation [4,17,21,23].
Therefore the complete avoidance of ice crystallization, as prom-
ised by vitriﬁcation, is a promising adjunct for surface-based cryo-
preservation [5].
Vitriﬁcation has become a method of choice for hESCs and other
delicate cell types because of high survival rates and good func-
tionality after thawing [21,29,41,50,51]. However, disadvantages
of current vitriﬁcation-protocols are the small numbers of colonies
that can be vitriﬁed at the same time (about 5–10 hESC-clumps)
and enzymatic stress due to detachment of cell clumps. Addition-
ally, success is highly dependent on the expertise of the researcher.
Handling is difﬁcult and there can be signiﬁcant cell loss caused by
inaccurate incubation times in the highly toxic cryopreservation
media [25–27,42,47]. Vitriﬁcation in straws for example is quite
challenging when it comes to transferring the cell clumps into dif-
ferent CPA solutions manually, while maintaining exact incubation
times or recovering the few cell clumps from the warming solu-
tions after thawing. Other vitriﬁcation principles, e.g. cryoloop vit-
riﬁcation, are only designed to vitrify very few samples at a time,
while those developed for more colonies suffer from sterility issues
or complicated workﬂows including manual colony detachment
which make them unsuited for automated throughput systems.
Although the recently introduced surface-based cryopreserva-
tion technique resulted in very high post-thawing survival rates
and low differentiation, it still has limitations that need to be over-
come. To achieve the very rapid cooling and warming rates that are
needed to successfully vitrify and devitrify the cells, the samples
were immersed directly into liquid nitrogen [5,49]. However, the
non-sterile properties of liquid nitrogen increase the risk of con-
tamination and infection and can lead to a propagation of contam-
ination from one sample to another [7,10,15,32,33]. Even though
sterile liquid nitrogen sources are available, maintaining sterile
working conditions remains expensive and awkward [35,36].
Hence, the development of a successful sterile cryopreservation
method for bulk quantities of hESCs is highly appreciated. Also,
the technique on modiﬁed Thermanox slides is error prone due
to difﬁcult handling issues, overlapping of the discs and the need
to explicitly cultivate the cell samples on the modiﬁed discs prior
to cryopreservation and storage. Therefore this technique needs
improvements in sterility, handling, and practicability.
The aim of this study was to develop a new cryopreservation
technique using a combined cultivation and cryopreservation de-
vice. The technique should enable the cultivation of hESCs on a cell
culture surface in combination with an efﬁcient vitriﬁcation of the
adherent stem cell colonies, including the feeder layer, without di-
rect contact with liquid nitrogen. To make the system practicable
and to ease future automation, cultivation, vitriﬁcation, storage
and post-thawing cultivation of hESCs should be carried out in
the same device without detaching cells from the cultivation sur-
face. Transportation of vitriﬁed samples at temperatures below
130 C should be possible even outside a storage tank for a pro-
longed period of time. To verify the feasibility of the proposed de-
sign, a prototype based on commercially available cultivation
surfaces was assembled and tested for survival rates, post-thawing
growth rates and functionality.Materials and methods
hESC culture
We used the H1 stem cell line (WiCell, Madison, WI, USA) to
evaluate cryopreservation success in the TWIST substrate design.The hESCs were cultured on an inactivated mouse embryonic fee-
der cell layer (PMEF) of the CF-1 strain (Millipore, Billerica, MA,
USA) to avoid differentiation. Inactivation of the PMEF cells was
carried out chemically using 120 min of incubation in 0.01 lg/ml
mitomycin C (Sigma–Aldrich, Taufkirchen, Germany). Cultivation
medium for the hESCs comprised Dulbecco’s modiﬁed eagle med-
ium (DMEM F12; Gibco, Karlsruhe, Germany), 0.1 mmol/l
b-mercaptoethanol (Sigma–Aldrich, Taufkirchen, Germany), 20%
syntactical serum replacer, 2 mmol/l L-glutamine, non essential
amino acids, 4 ng/ml human recombinant bFGF, 100 U/ml penicil-
lin, and 100 lg/ml streptomycin (all from Invitrogen, Darmstadt,
Germany). Cultivation medium for PMEF culture prior to hESC pas-
sage comprised Dulbecco’s modiﬁed eagle medium (Gibco, Kar-
lsruhe, Germany), 10% heat inactivated FCS and non essential
amino acids (all from Invitrogen, Darmstadt, Germany). The hESCs
were passaged every 6–7 days on a fresh PMEF feeder cell layer by
manual detachment and fragmentation with an autoclaved needle.
Before feeder cells were plated, the culture dishes were coated
with 0.1% gelatine solution (Sigma–Aldrich, Taufkirchen, Germany)
and cultivated in an incubator overnight. PMEF feeder cell concen-
tration was 2  104 cells/cm2.
Assembly of the ‘‘twisted vitriﬁcation’’ prototype
To evaluate the efﬁciency of the proposed design, a prototype
was assembled. The prototype was built using two IBIDI l-dish
35mm, high (IBIDI, Martinsried, Germany). To create two separated
chambers (Nitrogen chamber and cultivation chamber), the culti-
vation surface of one IBIDI l-dish 35mm, high was detached from
the surrounding plastic rim. The plastic rim was then glued to the
bottom of an intact l-dish using commercially available two-com-
ponent glue. The resulting device then consisted of a sealable cul-
tivation chamber and a compartment for the application of liquid
nitrogen. The cultivation surface represents both the area of cell
attachment and at the same time the barrier between the cultiva-
tion- and the nitrogen-compartment. Prior to the plating of a PMEF
feeder cell layer, the glue was left to dry for at least 4 days.
Cultivation of hESCs in the design prototype
Cultivation prior to vitriﬁcation in the prototype was carried out
using the same media and procedure as described in the standard
hESC culture protocol. Plating of feeder cells and hESC clumps was
carried out in an upright position (Fig. 1A). Volume of applied med-
ia was 2 ml according to the ofﬁcial IBIDI recommendation. PMEF
feeder cell concentrations were 1.25  105/’’Twist’’-substrate. Spe-
cial care was taken to avoid cluster formation of the plated hESC
fragments in the middle of the dish before the cells attached to
the cultivation surface.
Vitriﬁcation of hESCs in the ‘‘twisted vitriﬁcation’’ design prototype
For the vitriﬁcation process, two solutions were prepared. Vitri-
ﬁcation-Solution 1 (VS1) contained 10% Me2SO and 10% ethylene
glycol (ethane-1,2-diol) in standard H1 culture medium. Vitriﬁca-
tion-Solution 2 (VS2) comprised 300 mM sucrose, 20% Me2SO
and 20% ethylene glycol in standard H1 culture medium. After
aspiration of the culture medium from the adherent cell layer,
the cells were incubated in 1.5 ml VS1 for 1 min. VS1 was then
aspirated and VS2 applied for 5 s. Special care was taken to remove
as much VS2 as possible by manual pipetting to avoid the forma-
tion of a meniscus. Immediately after aspiration of VS2, the sub-
strate was closed tightly with the supplied lid and turned upside
down (Fig. 1B). Liquid nitrogen (LN) was then added to the nitro-
gen compartment to vitrify the hanging hESC colonies through
the cultivation surface. Vitriﬁcation occurred outside the
Fig. 1. Schematics of the cultivation and vitriﬁcation device for ‘‘twisted vitriﬁcation’’. ‘‘Upright’’ position (A) and ‘‘twisted’’ position (B). Cultivation of cells is carried out in
the cultivation compartment in the ‘‘upright’’ position of the device (A). The cultivation compartment can be sealed with a lid. The ‘‘upright’’ positioning is used for plating,
cultivation and incubation in CPAs prior to the vitriﬁcation process as well as washing, recovery and cultivation after thawing. Vitriﬁcation, storage and thawing are carried
out using the ‘‘twisted’’ position of the device (B). By turning the device into the ‘‘twisted’’ position, the cell samples are left hanging from the cultivation surface only covered
by a thin layer of CPA. Vitriﬁcation and thawing can be achieved by ﬁlling either liquid nitrogen or pre-heated water into the nitrogen compartment.
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moved into the gas phase of a nitrogen tank (170 C) and stored
for 5–7 days prior to thawing. To avoid recrystallization and devit-
riﬁcation, special care was taken to ensure that the nitrogen com-
partment always contained a sufﬁcient amount of liquid nitrogen
when outside of a storage tank.
For thawing of the samples, two warming solutions and 37 C
pre-warmed water were prepared. Warming solution 1 (WS1) con-
tained 200 mM sucrose in standard H1 culture medium. Warming
solution 2 (WS2) comprised 100 mM sucrose in standard H1 cul-
ture medium. For transportation of the substrates outside of the
storage tank, the upper compartment was ﬁlled with liquid nitro-
gen. After transportation, the liquid nitrogen was discarded and re-
placed by 37 C pre-warmed water to thaw the cell samples
through the cultivation surface. After thawing, the water was dis-
carded, the substrates were inverted and cell samples were washed
in the washing solutions. Incubation times were 1 min in WS1 and
5 min in WS2. After washing, WS2 was replaced with standard H1
culture medium and samples were cultivated in an incubator
(37 C, 5% CO2, 95% humidity), passaged or stained with FDA/EtBr
for evaluation.
Evaluation of the survival rate of vitriﬁed adherent hESC colonies
To evaluate the survival rate after vitriﬁcation and thawing in
the ‘‘twisted vitriﬁcation’’ design, the vital and adherent colony
sizes before and after the cryopreservation process were compared
as already described [5]. The cells were stained with ﬂuorescein
diacetate (FDA) and ethidium bromide (EtBr) after thawing to dis-
tinguish between vital and dead colony areas [8]. Images were ta-
ken with a SMZ 1500 stereo ﬂuorescence microscope (Nikon,
Japan) and evaluated using the software ImageJ (NIH, USA).
Through individual labeling and a direct comparison of identical
colonies before and after cryopreservation, ‘‘vital residual areas’’
could be evaluated. For each experiment, at least 60 colonies out
of three independent approaches were evaluated.
Flow cytometry
The expression of the markers Tra-1-81 and Oct-4 was deter-
mined by ﬂow cytometry. After vitriﬁcation, storage and thawing,
the cells were further cultivated in the design prototype for 48 h
and then passaged using manual detachment and fragmentationwith an autoclaved needle. After passage, colonies were cultivated
for 5 days prior to detachment and FACS analysis. All colonies in
the dish were detached from the surface as described above and
used for FACS analysis. After detachment, colonies were washed
with ﬁxation buffer containing calcium and magnesium free PBS,
1% FCS and 0.09% NaN3. Colonies were dissociated by 15 min treat-
ment with a 0.05% trypsin, 0.53 mM EDTA solution at 37 C. After
centrifugation, the pellet was resuspended in 300 ll ﬁxation buffer
(Cytoﬁx, BD Biosciences, Heidelberg, Germany), vortexed and ﬁxed
at 4 C for 20 min. Two sample tubes (Oct-4 and Tra-1-81) and one
control tube (unstained sample) were then prepared from the cell
suspension. Due to the intracellular location of the Oct-4 marker,
that sample was permeabilized for 30 min at 4 C in permeabiliza-
tion buffer (Perm Buffer III, BD Biosciences, Heidelberg, Germany),
while the two other samples were stored at 4 C in ﬁxation buffer.
Cells were stained with 1 ll/1  105 cells PE labeled Tra-1-81 IgM
antibodies (BD Biosciences, Heidelberg, Germany), or PE labeled
Oct3/4 IgG antibodies (BD Biosciences, Heidelberg, Germany).
Analysis of the samples was carried out using a FACS Calibur (BD
Biosciences, Heidelberg, Germany) and the CELL QUEST PRO soft-
ware (BD Biosciences, Heidelberg, Germany). Ten thousand events
were acquired for each sample and analysis was restricted to intact
cells based on light-scatter properties. The signal was obtained
through a 530/30 bandpass ﬁlter and the mean ﬂuorescence values
for the control and test samples were determined.Results
Development of the ‘‘twisted vitriﬁcation’’ prototype
The newly developed ‘‘twisted vitriﬁcation’’ technique is based
on a two compartment system with cultivation of hESCs in an up-
right (Fig. 1A) and vitriﬁcation in a hanging position (Fig. 1B) on a
thin cultivation surface. Cooling and re-warming of the cells occurs
through the cultivation surface with the adherent colonies on the
cultivation side and the liquid nitrogen or pre-heated water on
the other side. Therefore the cultivation surface had to be as thin
as possible and also able to endure the rapid cooling and warming
needed for vitriﬁcation. A commercially available cultivation sur-
face (for details see Section 2) was used to assemble the prototype
with one sealable (cultivation) and one open (nitrogen) compart-
ment (Fig. 1).
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The aim of the new ‘‘twisted vitriﬁcation’’ protocol was to cul-
tivate and cryopreserve hESCs with the possibility of post-thaw
cultivation in the same device without detaching the cells. There-
fore, a detailed workﬂow was developed (Fig. 2). It involves two
different positions of the device, referred to as ‘‘upright’’ (Fig. 2,
red borders) and ‘‘twisted’’ (Fig. 2, blue borders). In the ‘‘upright’’
position, the device resembles a normal cultivation chamber and
the hESC colonies can be cultivated according to the standard cul-
tivation protocol (Fig. 1A). Incubation in cryoprotective agents
(CPA) is possible in the ‘‘upright’’ position as well. In the ‘‘twisted’’
position, the colonies are hanging from the cultivation surface.
Only a thin ﬁlm of CPA remains, covering colonies and feeder cell
layer (Fig. 1B). Therefore, the volume of medium that has to be vit-
riﬁed is minimal, resulting in an optimized vitriﬁcation success.
With liquid nitrogen in the upper compartment, sample tempera-
ture can be kept below 130 C to avoid devitriﬁcation, even out-
side a storage tank. Re-warming of the cell colonies follows the
same principle as vitriﬁcation. By addition of pre-heated water,Fig. 2. Schematic workﬂow used for ‘‘twisted vitriﬁcation’’. All steps are performed wi
‘‘upright’’ symbol (red frame) are carried out in the ‘‘upright’’ position. Steps highlighte
Changes from the ‘‘upright’’ in the ‘‘twisted’’ position and vice versa are indicated by arthe small CPA ﬁlm that is covering the cells is rapidly re-warmed
and cells can be washed and cultivated or passaged after the sys-
tem is put into the ‘‘upright’’ position again. Theoretically, multiple
vitriﬁcation procedures are possible with the same cell samples
and device.
Overall performance
Analysis of post thawing vital residual areas showed very high
survival rates and almost no cell loss after ‘‘twisted vitriﬁcation’’
in the assembled prototype (Fig. 3A–H). hESC colonies cryopre-
served in the prototype showed survival rates of 99% (±1%) after
thawing. Only small areas at the borders of the cultivation surface
showed lost colonies (Fig. 3B, F, asterisks). After a further post-
thawing cultivation for 24 h, vital residual area increased to 155%
(±24%). In comparison, non frozen control colonies showed average
vital residual areas of 161% (±32%) after 24 h cultivation. Notably,
thicker regions of the colonies, probably already differentiated be-
fore the cryopreservation process, do not survive the vitriﬁcation
process (Fig. 3A, C, E, G, red arrows).thout detachment of the cells from the cultivation surface. Steps marked with the
d with the ‘‘twisted’’ symbol (blue frame) are carried out in the ‘‘twisted’’ position.
rows.
Fig. 3. Representative images for the evaluation of vital residual areas of H1 stem cell colonies cryopreserved using the surface based ‘‘twisted vitriﬁcation’’ technique in the
assembled prototype. The images on the left were taken before cryopreservation (A–D). The middle column shows cells after thawing (E, F) and a non-frozen control (G, H).
Inlays show the position of the images on the complete cultivation surface of the prototype. Cells were stained with FDA/EtBr immediately (E, G) and 24 h (F, H) after
cryopreservation. Corresponding cell colonies are marked with white squares and connecting arrows. Images in the right column are showing representative images of
thawed colonies after passage and 6 days of cultivation (I–L). The cells were passaged immediately after thawing (I, K) and after a 24 h post-thawing cultivation in the
prototype (J, L). Note the thicker, possibly differentiated areas of the colonies (red arrows) lost after the vitriﬁcation process. Scale bars indicate 1 mm (A–H) and 500 lm (I–L).
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Microscopic analysis of control colonies and thawed colonies,
stained with FDA and EtBr, resulted in similar morphology and
no observable colony fragmentation or deformation, both directly
after thawing and after a 24 h cultivation phase (Fig. 4). Flow
cytometry analysis of vitriﬁed hES cells in the vitriﬁcation device
using the Oct-4 marker showed the fraction of undifferentiated
cells to be 84% (±11%). Unfrozen control colonies in comparison
showed 86% (±16%). With the Tra-1-81 marker, vitriﬁed samples
showed 81% (±17%) undifferentiated cells, compared to 84%
(±11%) in unfrozen control colonies (Fig. 5). Data was obtained
from three independent experiments (n = 3).
In addition to FACS analysis, morphology of vitriﬁed and control
colonies was compared after several days of post-thawing cultiva-
tion and passage (Fig. 3I–L). Surface based vitriﬁcation in the de-
vice prototype did not lead to any morphological changes after
passage and further cultivation.Limitations of the prototype
If the CPA prior to vitriﬁcation is not removed by careful manual
pipetting, high post-thawing colony loss in the outer regions of the
cultivation surface could be seen (Fig. 6A, B). Affected colonies
completely lost adherence to the cultivation surface during the
ﬁrst 48 h of post-thawing cultivation. This effect could be avoided
by careful manual aspiration of the CPA medium prior to vitriﬁca-
tion. A few experiments resulted in ﬁssures running through thecomplete cultivation area in a circular fashion (Fig. 6C–G). Affected
areas of the hESC colonies and feeder cell layer showed dead cells
and cell loss immediately after the thawing process (Fig. 6E–G).
Due to the very low number of devices containing these ﬁssures
and because this kind of damage is probably caused by limitations
of the materials rather than by weakness in the ‘‘twisted vitriﬁca-
tion’’ technique itself, those samples were not integrated into the
ﬁnal evaluation and discarded.Discussion
The protocol allows cultivation, bulk vitriﬁcation, storage and
post-thaw cultivation of hESCs in the same device without detach-
ment of the colonies from the surface (Fig. 2) without the use of
serum in the cryopreservation media. The prototype (Figs. 3 and
4) showed very high survival rates and immunological FACS anal-
ysis conﬁrmed an undifferentiated state after thawing and further
passage (Fig. 5).
Vitriﬁcation currently seems to be the best choice for hESC
cryopreservation, showing much higher survival and lower differ-
entiation rates after thawing than slow rate freezing approaches
[41,42]. Optimal cell dehydration and ice crystal formation, both
very important in slow-rate freezing, might be affected by the tight
colony morphology of hESCs and result in low success rates
[3,43,44]. Cell-to-cell contact is very important for hESCs, which
have high numbers of tight junctions, gap junctions and cell adhe-
sion molecules. Its disruption through intra- or extracellular ice
crystallization reduces cryopreservation success [48]. Hence,
Fig. 4. Representative images of vitriﬁed colonies (B, D) and non-frozen control colonies (A, C). Cells were stained with FDA/EtBr immediately after thawing (A, B) and after a
24 h post-thawing cultivation in the prototype (C, D). Scale bars indicate 200 lm.
Fig. 5. Representative images of FACS analysis of vitriﬁed colonies (A, C) and control colonies (B, D). Cells were stained using antibodies against Oct-4 (A, B) and Tra-1-81 (C,
D) antigens showing pluripotency. Samples B and D were cultured continuously before FACS analysis. Samples A and C were vitriﬁed as described in Section 2. After thawing,
sample colonies were passaged once after cultivation in the prototype for 48 h. Prior to FACS analysis, passaged colonies were cultured for 5 days.
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Fig. 6. Representative images of impaired vitriﬁcation in the prototype. Images show a montage of multiple microscopic images of the cultivation surface area inside the
substrate (A–D). The borders of the complete cultivation surfaces are outlined by a grey circle (A–D). Severe cell loss can be seen in the outer regions of the substrate when
comparing hESC colony distribution before (A) and 48 h after cryopreservation (red outline, B) when cryoprotective agents have not been removed by manual pipetting before
vitriﬁcation. Another example for unsuccessful cryopreservation is the occurrence of circular ﬁssures in the feeder-layer and hESC colonies due to thermal stress on the
materials when comparing the samples before (C) and immediately after (D) cryopreservation. Higher magniﬁcation reveals dead cells throughout the ruptured colonies (E–
G). Thawed cells were stained with FDA/EtBr prior to microscopic analysis. Diameter of the cultivation surface area (grey circles) is 20 mm, scale bars indicate 100 lm (E) and
500 lm (F, G).
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greatly improve cryopreservation success for hESCs [24,29,41,50].
Many different vitriﬁcation procedures for hESCs have been
developed, showing high survival and low differentiation rates
after thawing [24,29,41,50]. However, due to heat transfer issues,
the number of cells that can be vitriﬁed simultaneously is limited.
Successful vitriﬁcation requires very high cooling rates, surface-to-
volume ratio of the samples therefore is of great importance for a
prevention of ice crystallization [49]. However, protocols are usu-
ally difﬁcult and awkward, leading to imprecise incubation times
in the high concentrated toxic media and a high dependency of
cryopreservation success on the skills of the operator.
Previous surface-based vitriﬁcation techniques using Therma-
nox discs gave high survival and low post-thaw differentiation
and could handle bulk quantities of hESCs [5]. However, their use
was limited due to direct contact of liquid nitrogen with cells
[10,15]. Although sterile nitrogen sources are available, sterile
working conditions are expensive and delicate [33,35,36]. Also, di-
rect handling of Thermanox substrates is difﬁcult due their small
size and overlapping during cultivation. The cultivation surface has
to be as thin as possible to achieve the very high heat transfer rates
needed for vitriﬁcation and re-warming.
In this work, the consequent advancement of the surface based
vitriﬁcation technique on modiﬁed Thermanox substrates led to
the development of the ‘‘twisted vitriﬁcation’’ technique and a
respective cultivation and vitriﬁcation device. It is based on a
two compartment system with a thin cultivation surface separat-ing the two compartments. It allows the adherent cultivation of
hESC colonies and a surrounding feeder layer without constraints
to the normal hESC culture. To avoid direct contact with liquid
nitrogen of the samples, vitriﬁcation and re-warming of the cells
was achieved through the cultivation surface.
hESC cell colonies cryopreserved by ‘‘twisted vitriﬁcation
‘‘showed almost no colony- or cell-loss caused by the vitriﬁcation
and thawing process (Fig. 3A–H). Only small areas in the border re-
gions of the cultivation surface showed partial cell- and colony
loss, probably due to inhomogeneities in the thickness of the CPA
ﬁlm covering the cells during vitriﬁcation (Fig. 3, asterisks). Too
much medium (e.g. a meniscus) reduces the surface to volume ra-
tio and cooling rates are too low for successful vitriﬁcation, result-
ing in ice crystallization. However, the high survival rates imply
that cooling rates achieved through the cultivation surface were
high enough to permit successful vitriﬁcation although there is
no independent conﬁrmation of this.
Vital residual areas show an increase in the ‘‘twisted vitriﬁca-
tion’’ prototype 99% (±1%) compared to vitriﬁcation on modiﬁed
Thermanox discs (89% (±11%). This improvement may be the re-
sult of reducing the mechanical stress caused by the constant
movement of discs through media and liquid nitrogen. Overall
recovery and growth rate of the colonies during the ﬁrst 24 h
post-thaw showed no signiﬁcant difference from non-frozen con-
trol colonies. Apoptosis (seen in slow-rate freezing) can be ex-
cluded as a source of cell loss after thawing [17]. Post-thaw
functionality is not severely affected by ‘‘twisted vitriﬁcation’’.
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from a non-frozen control (Fig. 5) and further passage and cultiva-
tion of thawed colonies did not result in morphological differences
to control colonies (Fig. 3I–L).
Although the overall cryopreservation success and post-thaw-
ing functionality are very satisfying, the prototype can be im-
proved. The rim of the nitrogen compartment has to be detached
to allow high magniﬁcation microscopy inside the device. Other-
wise, the working distance is too large, so microscopy is not possi-
ble. This could be avoided by reversibly securing the compartment
with a clip or screw rather than glue. Therefore the compartment
could only be attached if vitriﬁcation is intended and the cultiva-
tion compartment could be handled as a normal culture dish be-
fore and after cryopreservation and storage. The meniscus could
be avoided by introducing a deﬁned angle between rim and culti-
vation surface or by choice of materials, resulting in a more homo-
geneous cooling rate. This would make the system less error-prone
and most suited to automation. Damage due to high thermal stress
[5] might be avoided by choice of materials.
The ‘‘twisted vitriﬁcation’’ technique bears a lot of potential in
preserving hESCs and other colony forming cell types (e.g. iPS cells)
without mechanical or enzymatic detachment. It may additionally
be applicable to cells or spheroids cultivated in hanging droplets
and could be implemented in automated microﬂuidic devices.
Although the assembled prototype can still be improved in cer-
tain aspects (e.g. microscopability or thermal resistance), the
‘‘twisted vitriﬁcation’’ technique is a promising step towards a suc-
cessful and reliable post-thawing application of hESCs and other
colony forming cell types (e.g. iPS cells) in a clinical context.
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